Dengue virus causes leakage of the vascular endothelium, resulting in dengue hemorrhagic fever and dengue shock syndrome. The endothelial cell lining of the vasculature regulates capillary permeability and is altered by immune and chemokine responses which affect fluid barrier functions of the endothelium. Our findings indicate that human endothelial cells are highly susceptible to infection by dengue virus (type 4). We found that dengue virus productively infects ϳ80% of primary human endothelial cells, resulting in the rapid release of 
Dengue viruses (DV) are members of the flavivirus family that are primarily transmitted to humans by the Aedes aegypti mosquito. An estimated 50 million people contract dengue virus annually, and approximately 500,000 to 1,000,000 infections result in dengue hemorrhagic fever (DHF) or dengue shock syndrome (DSS), with 5 to 30% mortality rates (31) (32) (33) . There are four dengue virus serotypes, and infection by one serotype predisposes individuals to more severe disease following a subsequent infection by a different dengue serotype. While the mechanisms of dengue virus pathogenesis are still being resolved, preexisting nonneutralizing antibodies to dengue virus proteins enhance infection of immune cells, increase the potential for DHF and DSS following dengue virus infection, and contribute to immune-mediated pathogenesis (1, 19, 34, 38, 61, 67, 74) .
The endothelium is the primary fluid barrier of the vasculature, and dengue virus-induced responses resulting in edema or hemorrhagic disease ultimately cause changes in endothelial cell permeability. Dengue viruses infect a number of cell types, including peripheral leukocytes, dendritic cells, liver cells, and endothelial cells, in patients, murine models, and in vitro (6-8, 13, 14, 20, 39, 62, 71, 74) . Patient blood samples have permitted the analysis of immune cells, released factors, and antibodies during dengue virus infections (9, 17, 48, 50, 59, 60, 67, 69) ; however, the role of dengue virus infection of endothelial cells is difficult to study in patients. Very little is known about the role of dengue virus-infected endothelial cells in disease or the kinetics, timing, and replication of dengue viruses within patient endothelial cells. And yet, changes in the vascular endothelium are central to understanding dengue virus-induced capillary permeability.
Endothelial cells respond to and elicit a myriad of cellular, platelet-associated, and secreted factors that affect vascular permeability (10, 22, 52, 56, 57, 63, 73, 82, 83) . Autopsy samples suggest that a fraction of endothelial cells are infected (6, 39) ; however, it remains unknown whether dengue virus-infected endothelial cells play a more prominent role at earlier times postinfection. Although the role of dengue virus infection of endothelial cells in pathogenesis remains obscure, the presence of dengue virus-infected endothelial cells in patients rationalizes their likely role in DSS and DHF via several potential mechanisms (9, 47, 50, 61, 62) . In fact, dengue virus infection of the endothelium has the potential to directly alter endothelial cell barrier functions, permit immune cell targeting of dengue virus antigens expressed by endothelial cells, elicit immune cell-enhancing chemokine and cytokine responses, and contribute to the production and spread of infectious virus (5, 42) .
Dengue virus reportedly attaches to a variety of receptors on immune, dendritic, and liver cells; however, consensus dengue virus receptors have not been defined. The dengue virus envelope protein reportedly binds to Fc receptors, DC-SIGN, ICAM3, CD14, HSP70/90, GRP78, laminin receptor, and the mannose receptor (13, 16, 40, 54, 55, 58, 72) . In addition, heparan sulfate proteoglycans (HSPGs) are also implicated as dengue virus attachment targets of Vero E6 and liver cell lines (15, 29, 36, 45) . In contrast, dengue virus receptors on primary endothelial cells have not been revealed, and primary human endothelial cells contain a unique set of cell surface receptors that are lost upon continuous passage. One report, using a continuous ECV304 cell line, suggested that dengue virus interacted with 3 undefined cellular proteins (78) . However, these interactions have not been studied further or analyzed in primary human endothelial cells (2, 12, 41, 44) .
The means by which dengue virus attaches to and enters endothelial cells, as well as the effects of dengue virus on endothelial cell responses and functions, remain to be defined and are central to understanding the role of the endothelium in dengue virus pathogenesis. Here, we analyzed dengue virus type 4 (DV4) infection and entry of primary human endothelial cells. We found that ϳ80% of endothelial cells contained dengue virus antigen 24 h after infection and that infection was rapidly productive, with ϳ10 5 focus-forming units (FFU)/ml of dengue virus released into the medium 1 day postinfection. While antibodies to a library of cell surface receptors failed to block dengue virus infection, we found that heparin, heparan sulfate, heparinase, and protease blocked dengue virus infection of primary human endothelial cells. In addition, dengue virus bound specifically to immobilized heparin and binding was competitively inhibited by heparin but not other ligands. These findings indicate that dengue virus efficiently and productively infects human endothelial cells via interactions with heparan sulfate-containing cell surface receptors. This suggests that dengue virus-infected endothelial cells likely contribute to viremia and viral dissemination during dengue virus infections and provide a potential target for inhibiting infection of the endothelium and reducing dengue virus pathogenesis.
MATERIALS AND METHODS

Cells and virus. C6/36 cells (Aedes albopictus)
were maintained in M199 medium (5% fetal bovine serum [FBS]) at 32°C. Vero E6 cells were grown in DMEM (Dulbecco's modified Eagle's medium) with 10% FBS at 37°C. Human umbilical vein endothelial cells (HUVECs; passages 3 to 8) were purchased from Cambrex and grown in supplemented EBM2 medium (Cambrex) at 37°C in the presence of gentamicin (50 g/ml), amphotericin B (50 g/ml), and 10% FBS (Sigma). Dengue virus type 4 (DV4) was provided by C.-J. Lai (NIH, NIAID, LID) and propagated in C6/36 cells for 5 days in M199 medium (5% FBS) at 32°C. Viral titers were determined by infecting C6/36 cells with serial dilutions of DV4-containing medium and quantitating the number of DV4-infected cell foci (FFU) 18 to 24 h postinfection. Infected cells were detected using DV4 hyperimmune mouse ascites fluid (HMAF) at a dilution of 1:4,000 and immunoperoxidase staining as described below.
Dengue virus infection of human endothelial cells. DV4 was diluted in DMEM and adsorbed for 1.5 h to ϳ70% confluent primary human endothelial cell monolayers. Following adsorption, cell monolayers were washed three times with DMEM to remove unbound virus, and the medium replaced with supplemented EBM2 (10% FBS). Vero E6 cells were similarly infected and, after washing, incubated in supplemented DMEM (10% FBS). All cells were incubated at 37°C and 5% CO 2 for the times indicated.
Detection of dengue virus antigen in infected endothelial cells. Methods for the detection of viral antigen in infected cells by immunoperoxidase staining have been described previously (26, 28, 68) . Briefly, cells were fixed with 100% methanol (20 min, Ϫ20°C) at times indicated, washed with PBS, and blocked in PBS-1% bovine serum albumin (BSA). Cells were incubated for 1 h with anti-DV4 HMAF polyclonal sera (1:4,000 in PBS-1% BSA) to detect dengue virus antigen. Subsequently, cells were washed and incubated with an anti-mouse horseradish peroxidase-labeled antibody (Amersham, 1:4,000 in PBS-1% BSA) for 1 h. After 3 washes, cells were incubated with 3-amino-9-ethylcarbazole (AEC, 0.026%) in 0.1 M sodium acetate (pH 5.2) and 0.03% H 2 O 2 (26, 28, 68) . AEC-stained, dengue virus antigen-containing cells were quantitated visually on an Olympus IX51 microscope.
Infectious focus assay for determining the titer of dengue virus. For determination of DV4 titers, cellular supernatants containing infectious DV4 were serially diluted in M199 and adsorbed on C6/36 monolayers in duplicate for 1 h.
Unbound virus was removed by washing three times with medium. Supplemented M199 (5% FBS) medium was added, and 20 h later, the C6/36 cells were fixed with methanol (20 min, Ϫ20°C). Infected cells were detected by immunoperoxidase staining with 1:4,000 anti-DV4 HMAF as above. The number of dengue virus-infected cells was determined by quantitating AEC-stained cells and reported as FFUs.
Ligands, peptides, and antibodies. Heparin, sialic acid, glycophorin A, heparan sulfate, chondroitin sulfate A, dermatan sulfate, laminin, BSA, and collagen were purchased from Sigma. Vitronectin and fibrinogen were purchased from Chemicon. Antibodies to vascular endothelial cadherin (VE-cadherin), platelet and endothelial cell adhesion molecule (PECAM), intercellular adhesion molecule-1 (ICAM), green fluorescent protein (GFP), E-selectin, Syndecan-1, vascular endothelial cell growth factor receptor 2 (VEGFR2), platelet-activating factor receptor (PAFR), platelet-derived growth factor receptor (PDGFR), Tie-2, Edg-1, and vascular cell adhesion molecule (VCAM) were purchased from Santa Cruz Biotechnologies. C-X-C chemokine receptor type 3 (CXCR3) antibody was purchased from R&D Systems. Integrin antibodies to ␣ V ␤ 3 and ␣ 5 ␤ 1 were purchased from Chemicon. Rabbit polyclonal antibodies to DV4 NS1 and capsid peptides were from Pacific Immunology. Monoclonal ␤-actin antibody was purchased from Sigma. Goat anti-mouse immunoglobulin G (HϩL) is from Kirkegaard & Perry Laboratories, Inc. DV4-specific hyperimmune mouse ascites fluid (␣-DV4 HMAF) was obtained from C.-J. Lai at NIH.
Ligand and antibody inhibition of dengue virus infection. Potentially competitive ligands and compounds were diluted in DMEM (0.1 to 100 g/ml) and incubated with DV4 (150 FFU) for 1 h at 25°C. DV4 and competitors were subsequently applied to endothelial cells grown in supplemented EBM2 on 96-well plates for 1 h at 25°C. After adsorption, cell monolayers were washed three times with PBS or DMEM and incubated at 37°C in supplemented EBM2 for 24 h prior to methanol fixation (20 min, Ϫ20°C) and immunoperoxidase staining of infected cells (26, 28, 68) . For antibody inhibition assays, endothelial cell monolayers were pretreated with antibodies (0.5 or 5 g/ml) diluted in DMEM for 1 h at 4°C. Primary antibodies were removed and replaced with anti-mouse, anti-rabbit, or anti-goat sera at 1:2,000 for 1 h at 4°C. Subsequently, 100 FFU of dengue virus was adsorbed to endothelial cell monolayers for 1 h at 4°C. Control cells were treated with anti-GFP antibody and secondary antibody as described above. Endothelial cells were washed, incubated at 37°C (5% CO 2 ) for 24 h in supplemented EBM2, and immunoperoxidase stained as described above to detect dengue virus antigen (25, 28, 68) . The number of dengue virus antigen-positive cells was quantitated from duplicate samples and compared to the number in control cells, set as 100% infected cells, that were pretreated with identical amounts of BSA (ligand inhibition assay) or anti-GFP antibody (antibody inhibition assays). Experiments were performed at least 2 times with similar results.
Enzyme pretreatment of endothelial cells. Endothelial cells were grown on 96-well plates and incubated with increasing concentrations (0.5 to 3 U/ml) of heparinase III (Sigma) or chondroitin ABC lyase (Sigma) diluted in serum-free medium or controls containing no enzyme for 1 h at 37°C (15, 36) . For proteinase K (Roche) digestion, endothelial cells were incubated with increasing concentrations of proteinase K (0.01 to 10 g/ml) diluted in serum-free medium or no-enzyme control for 30 min at 37°C. After enzyme treatment, cells were washed twice in EBM2 (2% FBS). Under these conditions, Ͼ90% of the cell monolayer remained intact after treatment. Subsequently, dengue virus (150 FFU) was adsorbed to endothelial cells for 1 h at 25°C. Cells were washed and incubated for 24 h in supplemented EBM2 (10% FBS) prior to immunoperoxidase staining of DV4 antigen to quantitate the number of infected cells. Experiments were performed at least 2 times with similar results.
Dengue virus binding to immobilized heparin. Viral binding assays were performed as previously described with modifications (66) . Heparin immobilized on Sepharose resin or Sepharose resin alone was used to determine whether dengue virus specifically binds to heparin. Dengue virus (8 ϫ 10 8 FFU) was incubated with heparin, vitronectin, or sialic acid (1 mg for 1 h at 4°C) or left untreated (no competitor). Subsequently, dengue virus was bound to heparin-Sepharose resin (Sigma) or unmodified Sepharose resin (100 l/sample) in duplicate. Virus and resin were incubated for 1 h (4°C with rotation), and subsequently, Sepharose was pelleted (1,000 ϫ g 1 min) and washed three times in DMEM (10% FBS). Bound dengue virus was eluted in DMEM containing 1.5 M NaCl and diluted 3-fold in DMEM (10% FBS), and the titer determined on C6/36 cells as described above. The numbers of dengue virus-infected cells bound to heparinSepharose versus Sepharose alone were determined by immunoperoxidase staining as described above and compared to virus binding in the presence of excess soluble heparin, vitronectin, or sialic acid ligands. This experiment was performed at least 3 times with similar results.
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Immunoblot analysis of dengue virus proteins in endothelial cells. Cells were lysed in 0.1% SDS lysis buffer (150 mM NaCl, 40 mM Tris, 2 mM EDTA, 5 mM NaF, 1 mM Na 4 P 2 O 7 , 1 mM Na 3 VO 4 , 0.1% NP-40, 10% glycerol, 0.1% SDS) and clarified by centrifugation at 40,000 rpm for 40 min at 4°C. Total protein levels in cell lysates were quantitated by bicinchoninic acid (BCA) assay (Pierce), and equivalent amounts of total protein were separated on SDS-10% polyacrylamide gels. Proteins were transferred to nitrocellulose and incubated with a 1:1,000 dilution of anti-DV4 capsid peptide sera, 1:300 anti-DV4 NS1 peptide sera, or 1:1,000 anti-actin followed by horseradish peroxidase-conjugated sheep antimouse or goat anti-rabbit immunoglobulin G (GE Healthcare). Proteins were detected by fluorography using Pierce enhanced chemiluminescence (ECL) reagents (Thermo Scientific) as previously described (49) .
RESULTS
Dengue virus efficiently infects human endothelial cells.
Dengue virus infection leads to DHF and DSS, which are diseases characterized by increased vascular permeability, edema, thrombocytopenia, and hemorrhage. These changes stem from the diminished endothelial cell barrier of capillaries, and dengue virus-infected endothelial cells are present in patient autopsy samples, murine models, and cell culture (6, 14, 37, 39, 47) . However, little information is available on the entry or productive infection of primary human endothelial cells by dengue virus. We infected Vero E6 cells, which are highly susceptible to dengue virus infection (35) , and primary human endothelial cells at a multiplicity of infection (MOI) of 6 with type 4 dengue virus and detected viral antigens within cells using anti-DV4 HMAF sera and immunoperoxidase staining 24 h postinfection. The results shown in Fig. 1A demonstrate that 70 to 80% of both primary human endothelial cells and Vero E6 cells were infected with dengue virus 24 h postinfection. Consistent with these results, dengue virus NS1 and capsid proteins were detected in both endothelial and Vero E6 cell lysates (Fig. 1B) . Similar to viral replication in Vero E6 cells, dengue virus infection of human endothelial cells rapidly resulted in titers of 10 5 FFU/ml in cell supernatants 1 day postinfection ( Fig. 1C ). These findings demonstrate that dengue efficiently and productively infects human endothelial cells and results in the rapid replication and release of infectious virions.
Heparin blocks dengue virus infection of endothelial cells. Dengue virus receptors on endothelial cells have yet to be defined, although several immune and dendritic cell receptors have been reported to mediate dengue virus attachment and entry (13) . In addition, heparan sulfate-containing proteoglycans (HSPGs) reportedly direct dengue virus attachment to Vero, Huh7, and HepG2 cells (29, 36, 45) . In order to identify endothelial cell receptors for dengue virus, we pretreated human endothelial cells with potentially inhibitory antibodies and quantitated their ability to inhibit dengue virus infection of endothelial cells. We found that pretreating primary human endothelial cells with 0.5 to 5 g/ml of antibodies to PECAM, VCAM, ICAM, E-selectin, VE-cadherin, PAFR, PDGFR, syndecan-1, CXCR3, VEGFR2, Edg-1, Tie-2, and integrins ␣ V ␤ 3 and ␣ 5 ␤ 1 had little or no effect (Ͻ25%) on dengue virus infectivity (Fig. 2) . Even using up to 20 g/ml of antibody failed to specifically inhibit infection (not shown). A similar approach was used to determine whether pretreating dengue virus with potentially competitive ligands inhibited dengue virus infection of endothelial cells. We found that dengue virus infection of endothelial cells in the presence of ligands to integrin receptors (vitronectin, collagen, fibrinogen, and laminin; 1 to 100
FIG. 1. Productive infection of primary human endothelial cells by dengue virus. (A)
Dengue virus type 4 (DV4) was adsorbed to primary human endothelial cells or Vero E6 cells at an MOI of 6 or mock infected for 1.5 h at room temperature. Inocula were removed, and cell monolayers washed with PBS three times. Cells were grown in complete medium for 24 h, the medium removed, and monolayers fixed with 100% ice-cold methanol for 10 min. Dengue virus antigen in infected cells was detected using DV4-specific HMAF antibody (1:4,000) followed by binding to a horseradish peroxidase-tagged secondary antibody (1:4,000) and immunoperoxidase staining using amino-ethyl carbazole (26, 28, 68) . (B) Uninfected (U) or dengue virus-infected (I) endothelial or Vero E6 cells were treated as described for panel A, and cell lysates were collected 24 h postinfection. Proteins were separated by SDS-PAGE (10%) and Western blotted using anti-DV4 NS1 peptide (1:300), anti-DV4 capsid peptide (1:1,000), or anti-actin (1:1,000) antibodies. (C) Endothelial and Vero E6 cells were infected in duplicate as described for panel A with a constant amount of dengue virus (MOI of 6), washed with PBS, and incubated (37°C, 5% CO 2 ) for various lengths of time. The titers of dengue virus present in supernatants of endothelial and Vero E6 cells (12, 24, 48 , and 72 h postinfection) were determined on C6/36 cells using DV4 HMAF antibody and immunoperoxidase staining as described for panel A. Dengue virus antigen-containing infected-cell foci were quantitated and reported as focus forming units (FFU).
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on September 23, 2017 by guest http://jvi.asm.org/ g/ml) had little or no effect (Fig. 3) . In contrast, pretreating dengue virus with heparin prior to adsorption inhibited infection of endothelial cells by Ͼ60% compared to the level of infection in BSA-treated control cells (Fig. 3 ). The addition of glycophorin A or sialic acid failed to block dengue virus infection at any concentration. These findings demonstrate that soluble heparin blocks dengue virus infection of primary human endothelial cells.
Heparin and the related ligands heparan sulfate, dermatan sulfate, and chondroitin sulfate were analyzed further to determine their ability to inhibit dengue virus infection of human endothelial cells. Similar to the inhibitory effects of heparin, we found that high concentrations (Ͼ10 g/ml) of heparan sulfate, chondroitin sulfate, and dermatan sulfate were able to inhibit dengue virus infection (50 to 70%) compared to the levels of infection in controls treated with identical amounts of BSA (Fig. 4) . However, at a 10-fold-lower concentration (Ն1 g/ml), only heparin was capable of inhibiting dengue virus infection of endothelial cells by Ͼ60% (Fig. 4) . This indicates that dengue virus infection of human endothelial cells is specifically inhibited by heparin and heparan sulfate-containing derivative ligands.
The inhibition of dengue virus infection by heparin-like ligands suggested a role for cell surface heparan sulfate-containing proteoglycans (HSPGs) in mediating dengue virus attachment. To analyze the potential role of HSPGs in dengue virus attachment and entry, endothelial cells were treated with heparinase III, chondroitinase, or proteinase K enzymes or mock treated prior to dengue virus adsorption. We found that pretreating cells with increasing concentrations of heparinase III and proteinase k but not chondroitinase reduced the number of dengue virus-infected endothelial cells by Ͼ80% compared to the number in mock-treated cells (Fig. 5) . In contrast, chondroitinase treatment resulted in only a 10 to 25% decrease in dengue virus-infected endothelial cells compared to the level of infection in control cells. Analogous results using similar enzyme concentrations have been used to show that dengue virus binds to both Vero E6 and Huh7 cells via HSPG-mediated cell surface components (15, 36) . These results suggest   FIG. 2 . Effect of endothelial cell receptor blockade on dengue virus infection. Primary human endothelial cells were pretreated with antibodies (0.5 or 5 g/ml) to the indicated cellular receptors or a control antibody to green fluorescent protein (GFP) in duplicate (1 h at 4°C), followed by species-specific secondary antibody (1:2,000, 1 h, 4°C) (26, 28, 68) . Subsequently, 100 FFU of DV4 was adsorbed to endothelial cell monolayers (1 h), which were then washed 3 times with PBS and incubated for 24 h (37°C, 5% CO 2 ). Dengue virus antigen-positive infected cells were quantitated as described for Dengue virus binds immobilized heparin. In order to determine whether dengue virus specifically binds heparin, we analyzed dengue virus binding to resin containing immobilized heparin in the presence or absence of potentially competitive ligands. Dengue virus was bound to Sepharose resin alone or heparin conjugated Sepharose resin, and after washing, the amount of dengue virus bound to the resin was determined by quantitating the amount of infectious virus using an infectivity assay. We found that dengue virus specifically bound to resin containing immobilized heparin compared to its binding to Sepharose alone (Fig. 6) . Further, binding of dengue virus to the immobilized heparin resin was specifically inhibited by incubating dengue virus with an excess of heparin (80% reduction in binding) but not of vitronectin or sialic acid (Fig. 6 ). These findings demonstrate that dengue virus binds to immobilized heparin and that this binding is specific to heparin, since it is inhibited by the presence of excess competitive ligand. These findings demonstrate that dengue virus binds to a heparin component of HSPGs and, in combination with the abovedescribed data, suggest that heparin-containing HSPGs are human endothelial cell receptors for dengue virus.
DISCUSSION
DHF and DSS are characterized by increased vascular permeability resulting in hemorrhagic and edematous disease. Observations from dengue patients and murine models of dengue virus disease show that vascular endothelial cells are infected in animals and individuals with DHF and DSS symptoms (6-8, 14, 39, 62, 71, 81) . The endothelium regulates vascular leakage and responds to external signals which modify interendothelial adherence and vascular permeability. As a result, the means by which dengue virus infects endothelial cells is likely to be of vital importance to endothelial cell responses that contribute to pathogenesis.
Here, we demonstrate that dengue virus efficiently infects primary endothelial cells (70 to 80%). Importantly, we found that dengue virus infection of endothelial cells was highly permissive and resulted in the rapid production of progeny virus (4 ϫ 10 5 FFU/ml) 1 day postinfection (Fig. 1C) . Interestingly, the timing of dengue virus emergence from both endothelial cells and interferon (IFN) locus-deficient Vero E6 cells (23) was nearly identical and resulted in similar titers. This suggests the potential for dengue virus to regulate early IFN responses of endothelial cells. Prior reports indicated that only a small fraction (Ͻ1 to 20%) of endothelial cells or endothelial-like cell lines are infected by dengue virus 1 to 2 days postinfection (1, 2, 14, 43, 65, 70, 77) . Our findings may be the result of synchronously infecting low-passage-number primary human endothelial cells using an MOI of 6. In fact, the initial infection of only a small fraction of endothelial cells in prior studies may have induced paracrine IFN responses that reduced dengue virus spread (21) . Our findings demonstrate that human endo- thelial cells are both highly susceptible to dengue virus infection and likely to be a substantial source of progeny virus which contribute to acute viremia and viral spread to macrophages and dendritic cells (19, 34, 38, 75, 79) . Since endothelial cells form a fluid barrier within the vasculature, productive dengue virus infection of endothelial cells is likely to be an important contributor to dengue virus pathogenesis.
Endothelial cells are susceptible to infection by a number of viruses that utilize cell surface-expressed ␤ 1 or ␤ 3 integrins as entry receptors (11, 18, 24, 28, 51, 76, 80) . Pathogenic hantavirus interaction with endothelial cell ␣ V ␤ 3 integrins sensitizes cells to the permeabilizing effects of VEGF and increases vascular permeability (27) . This rationalized integrins as potential endothelial cell receptors for dengue virus, an idea which was bolstered by studies showing that antibodies to ␣ V ␤ 3 block West Nile virus, Japanese encephalitis virus, and to a lesser extent, dengue virus infection of Vero E6 cells (18) . However, antibody and ligand inhibition assays demonstrate that ␣ V ␤ 3 antibodies, as well as antibodies and ligands to other integrin receptors, did not significantly inhibit dengue virus infection of human endothelial cells ( Fig. 2 and 3) .
Interestingly, dengue virus bound specifically to immobilized heparin and both heparin and heparan sulfate ligands blocked dengue virus infection, suggesting that heparan sulfate proteoglycans (HSPGs) are dengue virus receptors on endothelial cells. These findings are consistent with dengue virus attachment to Vero E6 cells and hepatocyte cell lines where HSPGs have been shown to mediate attachment (29, 36, 45) . Additionally, purified dengue virus envelope protein domains reportedly interact with heparan sulfate (15, 46, 64) . Our data indicate that heparin is an effective inhibitor of dengue virus infection of endothelial cells. This finding is supported by the loss of infectivity following endothelial cell treatment with heparinase III, which cleaves both heparin and heparan sulfate side chains from cell surface HSPGs (Fig. 5 ). Syndecans and glypicans are the most abundant HSPGs on cell surfaces, with syndecan-3 and glypican-1 being highly expressed on vascular endothelial cells (30, 53) . Although syndecan antibodies failed to block dengue virus infection of endothelial cells, additional studies are needed to define HSPGs that mediate dengue virus infection of endothelial cells and are involved in dengue virus regulation of additional endothelial cell functions.
While emphasis has been put on dengue virus infection of immune cells, the importance of infecting endothelial cells, which line the vasculature and control capillary fluid barrier functions, should not be underestimated. Our studies demonstrate that dengue virus attachment to heparan sulfate-containing endothelial cell receptors permits efficient infection of endothelial cells. It is obvious that direct dengue virus infection of endothelial cells may contribute to endothelial barrier dysfunction; however, the mechanisms by which dengue viruses alter endothelial cell functions have not been defined. Dengue virus-infected endothelial cells may contribute to the induction of chemokines and cytokines that activate immune cells, as well as immune cell adherence to the infected endothelium (9, 48, 50, 67) . Dengue virus-infected endothelial cells could have a significant impact on the severity of dengue disease and serve as critical targets for controlling disease outcome. In addition, dengue virus-infected endothelial cells provide a vascular target for enhanced immune responses to dengue virus antigens which contribute to DSS and DHF (3, 4) . Although specific HSPGs need to be defined to selectively inhibit dengue virus infection of endothelial cells, our data suggest a potential means for reducing viremia during dengue virus infections through an endothelial cell receptor blockade. Blocking endothelial cell infection could reduce immune targeting of dengue virus-infected endothelial cells and dengue virus-induced changes to endothelial cells which contribute to vascular leakage. These findings also suggest the need for studies to define the role of endothelial cells in dengue virus disease models.
